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Abstract 1 
Globins are widespread in all kingdoms of life, where they 2 
fulfil multiple functions such as efficient O2 transport and 3 
modulation of nitric oxide bioactivity. Plants contain 4 
nonsymbiotic (class 1 and 2) and truncated (class 3) 5 
hemoglobins in virtually all tissues. In legume nodules, 6 
however, the most abundant hemoglobins are the symbiotic 7 
leghemoglobins (Lbs) that facilitate O2 diffusion to the N2-8 
fixing bacteroids. Virtually nothing is known about the green 9 
derivatives of Lbs generated during nodule senescence. Here we 10 
characterize green modified forms of Lbs, termed Lbam, Lbcm, 11 
and Lbdm, of soybean nodules. They have identical globins to 12 
the parent red Lbs but their hemes are nitrated. By combining 13 
diverse spectroscopies with reconstitution of the apoprotein 14 
with protoheme or mesoheme, we show that the nitro (NO2) group 15 
is on the 4-vinyl. In vitro nitration of Lba with excess 16 
nitrite produced several isomers of nitrated heme, one of 17 
which is identical to those found in vivo. We show that 18 
nitration requires binding of nitrite to the heme iron and 19 
that the reactive nitrogen species involved derives from 20 
nitrous acid (HNO2)and is most probably the nitronium cation 21 
(NO2+). The identification of these green Lbs provides 22 
conclusive evidence that highly oxidizing and nitrating 23 
species are increasingly produced in senescent nodules, 24 
leading to nitrosative stress.  25 
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 1 
Introduction 2 
Hemoglobins are widespread in all organisms, where they 3 
perform multiple and varied functions [see reviews by 4 
Vinogradov et al., 2005; Garrocho-Villegas et al., 2007; 5 
Angelo et al., 2008; Hoy and Hargrove, 2008]. Flavohemoglobins 6 
of bacteria and yeast contain globin and FAD reductase domains 7 
and are involved in nitric oxide (NO) detoxification and 8 
protection against nitrosative stress [Angelo et al., 2008]. 9 
In vertebrates, hemoglobin and myoglobin play key roles in 10 
efficient O2 transport and storage and in NO homeostasis, 11 
whereas neuroglobin and cytoglobin might be implicated in O2 12 
supply and act as O2 consuming enzymes or as O2 sensors [Pesce 13 
et al., 2002]. Plants may contain symbiotic, nonsymbiotic and 14 
truncated hemoglobins [Garrocho-Villegas et al., 2007; Hoy and 15 
Hargrove, 2008] and the three types of globins are expressed 16 
in legume nodules [Bustos-Sanmamed et al., 2011]. Symbiotic 17 
hemoglobins include leghemoglobins (Lbs) of legumes and some 18 
hemoglobins of actinorhizal plants, and their major function 19 
is to facilitate O2 diffusion within the nodules [Wittenberg 20 
et al., 1974]. Lbs are present in the cytosol of host cells at 21 
concentrations of 2-3 mM and maintain a free O2 concentration 22 
of 20-40 nM [Becana and Klucas, 1992]. This range of O2 23 
concentration permits an adequate supply of ATP for N2 24 
fixation and avoids nitrogenase inactivation [Wittenberg et 25 
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al., 1974]. Nonsymbiotic hemoglobins are expressed at 1 
nanomolar to micromolar concentrations in most plant tissues, 2 
and are classified into two groups based on amino acid 3 
sequences, phylogeny and O2-binding properties. Class 1 Hbs 4 
display extremely high affinity for O2 and participate in NO 5 
metabolism and in the maintenance of ATP production under 6 
hypoxia [Hebelstrup et al., 2007]. Class 2 hemoglobins have 7 
similar O2 affinities to Lbs and unknown function [Trevaskis 8 
et al., 1997] but, in Arabidopsis thaliana, the class 1 and 2 9 
hemoglobins together are required for normal growth 10 
[Hebelstrup et al., 2006]. Class 3 or truncated hemoglobins 11 
have a 2/2 -helical sandwich secondary structure instead of 12 
the canonical 3/3 structure of other hemoglobins, and are 13 
present in bacteria, protozoa and plants [Vinogradov et al., 14 
2005]. A role for class 3 hemoglobins has not been 15 
conclusively demonstrated yet, although it has been suggested 16 
that they may be involved in NO detoxification and, in 17 
legumes, in the suppression of the defense response during 18 
symbiosis [Wittenberg et al., 2002; Hoy and Hargrove, 2008].  19 
 In most legume nodules, Lbs exist as multiple components 20 
or isoproteins whose relative proportions vary with age and 21 
stress conditions [Fuchsman and Appleby, 1979]. In soybean 22 
nodules, there are four major components (a, c1, c2, c3), 23 
encoded by different genes, and four minor components (b, d1, 24 
d2, d3), originated by posttranslational modification [Fuchsman 25 
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and Appleby, 1979; Whittaker et al., 1979]. The regulatory 1 
pathways of Lb biosynthesis have been extensively studied [for 2 
example, O’Brian, 1996], but there is virtually no information 3 
on the in vivo mechanisms of Lb degradation. In animals and 4 
plants, the conversion of heme to biliverdins is catalyzed by 5 
heme oxygenase [Brown et al., 1990; Baudouin et al., 2004], 6 
but can be carried out also nonenzymatically in the presence 7 
of ascorbate and O2 [Lehtovaara and Perttilä, 1978]. In 8 
plants, biliverdin-like pigments perform important functions 9 
in photosynthesis and photomorphogenesis [Brown et al., 1990] 10 
and accumulate in senescent nodules [Virtanen and Laine, 1946; 11 
Roponen, 1970]. Legume nodule senescence is a highly complex 12 
and regulated process with potential agricultural and 13 
ecological relevance as it limits the functional lifespan of 14 
nodules and N2 fixation [Puppo et al., 2005; Becana et al., 15 
2010]. 16 
 The green proteins derived from Lb in nodules had not been 17 
characterized when we began our work [Navascues et al., 2012]. 18 
Early studies by Virtanen and Laine (1946) described the 19 
presence in legume nodules of a green pigment that originated 20 
from Lb. The pigment contained a broken tetrapyrrole ring that 21 
still retained the iron. Very different green proteins were 22 
isolated from soybean nodules [Jun et al., 1994a]. The 23 
modified proteins, termed Lbam and Lbcm, derive from Lba and 24 
Lbc and have identical apoproteins to the precursor Lbs but 25 
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unknown alterations of the tetrapyrrole ring [Jun et al., 1 
1994a,b]. Identification of the heme modifications in Lbam and 2 
Lbcm is important because their proportions relative to the 3 
precursor Lbs increase during nodule senescence and because 4 
the green Lbs exhibit aberrant binding to O2 [Wagner and 5 
Sarath, 1987]. By using a combination of spectroscopic 6 
techniques and reconstitution experiments of Lb with mesoheme 7 
(heme in which the vinyl groups have been replaced by ethyl 8 
groups), we have shown that soybean Lbam and Lbcm have a 4-9 
nitrovinyl in their heme groups (Fig. 1) and that these 10 
modified heme proteins can be generated in vitro by exposing 11 
Lba and Lbc to NO2- [Navascués et al., 2012]. Here, we present 12 
a summary of the experiments carried out for the 13 
identification of nitrated Lbs and discuss relevant mechanisms 14 
for nitration of Lb hemes.  15 
 16 
Figure 1 17 
Heme structure with the 4-nitrovinyl group. 18 
 19 
Methods 20 
Soybean plants (Glycine max cvs Hobbit or Williams x 21 
Bradyrhizobium japonicum strains 61A89 or USDA110) were grown 22 
under environment controlled conditions until the late 23 
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vegetative growth stage. Nodules were harvested in liquid 1 
nitrogen and stored at –80ºC. 2 
Soybean Lbs were purified using ammonium sulfate fractionation 3 
and chromatography on hydroxyapatite, Sephadex G-75 and DE-52 4 
columns [Jun et al., 1994a]. Proteins were subjected to in-gel 5 
digestion with trypsin, and peptide and protein identification 6 
was performed by peptide mass fingerprinting in a matrix-7 
assisted laser desorption/ ionization-time of flight (MALDI-8 
TOF) instrument (Applied Biosystems; Foster City, CA, USA) as 9 
described [Casanovas et al., 2009]. The molecular masses of 10 
Lbs were determined by MALDI-TOF mass spectrometry (MS).  11 
Hemes and heme proteins were subjected to structural analyses 12 
by MS, nuclear magnetic resonance (NMR)and resonance Raman 13 
(RR) spectroscopies as described in detail elsewhere 14 
[Navascués et al., 2012]. For MS analysis of hemes, low-energy 15 
MSn (n=1-5) was carried out by nano-electrospray ionization-IT/MSn on 16 
a LCQ ion trap mass spectrometer (ThermoFisher, San Jose, USA). For 17 
NMR analysis of Lbs, 1H NMR samples were prepared in D2O containing 18 
50 mM phosphate buffer and 2 mM cyanide to insure complete formation 19 
of the ferric Lb-cyano complexes. The entire protein sample 20 
available of each Lb was used (~1 mM of Lba and ~0.2 mM of Lbcm). 21 
NMR spectra were collected at 30 oC with the proton chemical shifts 22 
referenced to residual water. 1D and NOESY spectra were obtained on 23 
a Bruker DRX-500 NMR spectrometer operating at 499.38 MHz proton 24 
Larmor frequency. RR spectra were recorded using a Jobin-Yvon U1000 25 
spectrometer, equipped with a liquid nitrogen-cooled CCD detector 26 
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(Spectrum One, Jobin-Yvon, France). Excitation at 413.1 nm (50 mW) 1 
was provided by an Innova Kr+ laser (Coherent, Palo Alto, USA).  2 
The Lba apoprotein was obtained by the acid-butanone method 3 
[Ascoli et al., 1981]. After neutralization of the aqueous 4 
phase with phosphate buffer (pH 7.0), the apoprotein was 5 
incubated overnight with a 2-fold excess of protoheme or 6 
mesoheme, dialyzed and nitrated. For time-course studies of 7 
nitration, heme proteins (150-200 M) were treated with NaNO2 8 
(200 mM) in 50 mM phosphate buffer (pH 5.5 or 7.0) for 2 to 48 9 
h at room temperature. The mixtures were dialyzed, 10 
concentrated and resuspended in water (isoelectric focusing 11 
(IEF) analysis) or in 10 mM NH4HCO3 (MS analysis).  12 
  13 
Results  14 
Purification of Lbs and their modified forms   15 
The major Lb components and their green derivatives were 16 
purified from soybean nodules by ammonium sulfate 17 
fractionation, conventional chromatography and IEF. All bands 18 
containing Lbs were excised from the gels and the proteins 19 
were eluted and analyzed by MALDI-TOF/MS. The molecular masses 20 
of the apoproteins of Lba, Lbc1, Lbc2 and Lbc3, as well as 21 
those of their respective modified forms, were found to be 22 
15241, 15256, 15393 and 15451 Da, respectively, which matched 23 
± 1 Da those predicted from the amino acid sequences excluding 24 
the initial Met. We also purified two fractions containing the 25 
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Lbd and Lbdm components. The molecular masses of the 1 
apoproteins of Lbd1, Lbd2 and Lbd3 were found to be 15299, 2 
15436 and 15492 Da, which exceed by 42 ± 1 Da those of Lbc1, 3 
Lbc2 and Lbc3, respectively. This mass difference is consistent 4 
with the presence of an N-terminal acetylation. Also, the 5 
apoproteins of the Lbdm derivatives have identical molecular 6 
masses to those of the parent proteins. It can be thus 7 
concluded that all four minor Lb components of soybean arise 8 
from the major components by N-terminal acetylation and that 9 
all the green Lb derivatives are affected in the hemes and not 10 
in the globins.  11 
 12 
Structural elucidation of modified hemes 13 
Purified Lba, Lbc and Lbcm from soybean nodules were used for 14 
comparative structural analyses of the protoheme and the 15 
modified heme by using UV-visible, MS, NMR and RR 16 
spectroscopies. Ferric Lbcm exhibits a Soret band  at 389 nm 17 
with a shoulder at 436 nm and a charge-transfer absorption 18 
band at 615 nm. The pyridine hemochrome spectrum of Lbcm was 19 
identical to that of Lbam [Jun et al., 1994a], with prominent 20 
absorption bands at 553 nm ( band) and 522 nm ( band) and a 21 
new peak at 580 nm. Therefore, the heme of Lbcm is not broken 22 
and retains the capacity for ligand binding, but it is 23 
chemically modified on the tetrapyrrole ring.  24 
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 To identify this modification, hemes were subjected to MSn 1 
fragmentation. Because the isolated modified hemes were 2 
relatively unstable, the whole proteins were directly 3 
subjected to MS analysis. The hemes of Lba, Lbc and Lbd had a 4 
m/z 616, as expected for protoheme, whereas those from Lbam, 5 
Lbcm and Lbdm  had a m/z 661. High-resolution MS of these 6 
molecular ions proved that the difference of 45 Da was due to 7 
the insertion of an NO2 group. The molecular ions were 8 
extensively fragmented (MS2 to MS4) and the elemental 9 
compositions of the most relevant fragments were elucidated by 10 
high-resolution MS. These analyses revealed that one propionic 11 
group, at least the -carbon and carboxyl of the other 12 
propionic group, and at least three methyl groups of the 13 
tetrapyrrole were intact in the modified hemes. The 14 
fragmentation patterns of the Lbam, Lbcm and Lbdm hemes were 15 
identical, thus confirming, together with the Soret-visible 16 
spectroscopy data, that all of them contain an NO2 group. 17 
 Further structural information on the modified hemes was 18 
obtained by 1H NMR spectroscopy using the the ferric-cyano 19 
complexes of Lba (stardard for comparison) and Lbcm. The Lba 20 
sample was found to have a 1D 1H NMR spectrum with identical 21 
proton signals to that already published [Trewhella and 22 
Wright, 1980]. However, the sample of Lbcm protein was 23 
relatively small and composed of a mixture of Lbc1m and 24 
Lbc2m+c3m, and hence it was not possible to assign as many of 25 
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the heme resonances of these Lbcm isoproteins. The chemical 1 
shifts of all of the heme methyl resonances of the two major 2 
species of the Lbcm sample were changed by the heme 3 
modification, in part because of a distortion of the heme 4 
seating by 7º. By contrast, no shifts were detected for the 2-5 
vinyl group or for most of the protons of the 6- and 7-6 
propionate groups, and it was concluded that the modification 7 
of the heme appears to be at the 4-vinyl substituent [see 8 
details in Navascués et al., 2012]. However, none of the 9 
protons of the 4-vinyl group of Lbcm could be identified, and 10 
thus we had to complement our study with RR spectroscopy and 11 
reconstitution experiments. 12 
 The RR spectra of ferric Lba and Lbcm were compared [for 13 
details, see Navascués et al., 2012]. The high-frequency 14 
regions of RR spectra revealed the binding of an NO2 group to 15 
the protoheme of Lbcm, with a signature at 1320 cm-1, specific 16 
of a nitroaromatic group. In the mid-frequency and low-17 
frequency RR spectra, the frequencies of modes involving the 18 
peripheral vinyl and methyl groups are significantly modified, 19 
further indicating the presence of an NO2 group in a vinyl.  20 
 21 
Reconstitution of Lbs with mesoheme and in vitro nitration 22 
To verify that the nitrated heme originated by a substitution 23 
of a proton by NO2 on a vinyl group, we prepared the apoLbs, 24 
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reconstituted the holoproteins with protoheme or mesoheme, and 1 
nitrated the reconstituted proteins (Fig. 2).  2 
 3 
Figure 2 4 
In vitro reconstitution and nitration of Lb.  5 
 6 
Nitration of the apoLb reconstituted with protoheme caused 7 
formation of green protein products (Fig. 2a) with modified 8 
visible spectra (Fig. 2b) and with heme groups having a m/z 9 
661 (Fig. 2c). These Lb products showed identical 10 
fragmentation patterns to the hemes of the green Lbs from 11 
nodules. By contrast, the apoLb reconstituted with mesoheme 12 
remained unaffected after the NaNO2 treatment, based on the 13 
Soret and visible spectra (Fig. 2b) and RR and MS analyses of 14 
the protein. The MS analysis showed a molecular ion of m/z 15 
620, characteristic of the iron-mesoporphyrin lacking NO2 (Fig. 16 
2c). Taking these results together with the MS, NMR and RR 17 
data, we conclude that the NO2 group of the modified Lb hemes 18 
is on the 4-vinyl and that several structural isomers are 19 
produced by nitration of the protoheme. To confirm the 20 
presence of several isomers of Lb hemes, Lba purified from 21 
soybean nodules was nitrated with NaNO2 at pH 7.0 or 5.5 at 22 
room temperature and the resulting proteins were resolved on 23 
preparative IEF gels (Fig. 3). Nitration was faster at pH 5.5 24 
than at pH 7.0, being completed within ~1 day and ~2 days, 25 
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respectively, when ~200 M Lb and ~200 mM NO2- were employed. 1 
At pH 5.5, heme nitration required ~3 days to complete with 2 
~20 mM NO2-  and was not completed after 5 days with ~2 mM NO2-.  3 
 4 
Figure 3 5 
Nitration of Lba and separation of the nitrated products on 6 
preparative IEF gels. 7 
 8 
 Typically, six Lba derivatives were produced (Fig. 3). 9 
LbaN6 was low abundant and could not be studied further. All 10 
other derivatives had pyridine hemochromes with a 580 nm band 11 
that is absent in unmodified Lbs. The ferric forms of the Lba 12 
derivatives had Soret bands at 391-403 nm with shoulders at 13 
433-436 nm, as well as a charge-transfer band at 615 nm. The 14 
Soret and RR spectra of LbaN4 showed the closest match to 15 
those of Lbam or Lbcm, and we thus conclude that LbaN4 has an 16 
identical modified heme to the modified Lbs.  17 
 All LbaN derivatives had hemes with m/z 661 and identical 18 
MSn fragmentation profiles. Likewise, all the apoLbaN 19 
derivatives were found to have a molecular mass of 15240 Da 20 
and hence do not bear any modification in their amino acid 21 
residues. Consequently, the in vitro nitration of Lbs with 22 
excess NO2- can reproducibly generate the modified Lbs found in 23 
nodules, as well as several isomers of nitrated hemes. 24 
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 1 
 2 
 3 
Involvement of RNS in heme nitration 4 
Both NO2- and NO cannot nitrate proteins directly, whereas 5 
other RNS derived therefrom can do it in vitro and in vivo. 6 
These oxidant and nitrating RNS include peroxynitrite (ONOO-), 7 
nitrogen dioxide (NO2) and nitronium (NO2+) salts [Olah et al., 8 
1982; Brennan et al., 2002; Nicolis et al., 2004]. To 9 
investigate the nature of the RNS involved in heme nitration, 10 
in vitro experiments were carried out with purified soybean 11 
Lba. This task is complicated because ONOO-, when present as 12 
peroxynitrous acid (ONOOH), can undergo homolytic cleavage to 13 
NO2 and hydroxyl radical (OH), and because nitrous acid (HNO2) 14 
can give rise to NO2+. Addition of 10 mM cyanide completely 15 
prevented nitration, indicating that the heme iron is 16 
participating in the reaction. To examine whether ONOO- was the 17 
nitrating agent, we used SIN-1. This compound spontaneously 18 
decomposes to produce NO and superoxide anion radicals (O2-), 19 
which then react with each other to form ONOO-. Thus, SIN-1 can 20 
mimic a slow exposure of the protein to ONOO-. Incubation of 21 
Lba with 0.5-1 mM SIN-1 at pH 5.5 or 7.0 for up to 4 h did not 22 
nitrate the heme, excluding any contribution of free ONOO- to 23 
nitration. Likewise, an exogenous supply of superoxide 24 
dismutase (50-100 g) or catalase (50-100 g) did not prevent 25 
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nitration and therefore production of O2- or H2O2 outside the 1 
protein are not involved in the reaction. Addition of 30-100 M 2 
H2O2 did not promote nitration, confirming that peroxide is 3 
apparently not required. By contrast, incubation of Lba with 1 4 
mM desferrioxamine (DFO) for 2-48 h inhibited nitration 5 
substantially (Fig. 4). DFO is a natural iron chelator 6 
commonly used to establish the dependence of biological 7 
reactions on free Fe2+/3+ ions, but can also intercept free 8 
radicals [Bartesaghi et al., 2004]. To gain information on the 9 
inhibitory effect of DFO and the role of metals on Lba 10 
nitration, we used ferrioxamine (1 mM), prepared by equimolar 11 
mixing of DFO and Fe3+ ions, and two powerful metal chelators, 12 
diethylenetriamine pentaacetic acid (1 mM) and Chelex resin (5 13 
mg). Neither FO (Fig. 4) nor the other two compounds had any 14 
effect on heme nitration when added to the heme protein prior 15 
to NO2- and, therefore, free metal ions are involved in the 16 
reaction. 17 
 18 
Figure 4 19 
Inhibitory effect of DFO on nitration of Lba after 48 h. 20 
 21 
Discussion 22 
Green pigments and nitrated derivatives have been generated 23 
in vitro from animal and plant heme proteins. In plants, 24 
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horseradish peroxidase was found to be nitrated on the vinyl 1 
groups [Wojciechowski and Ortiz de Montellano, 2007] and a 2 
green derivative of Lb was produced by oxidative attack with 3 
H2O2 [Moreau et al., 1995]. The latter authors proposed that 4 
the green Lb species was formed at least in part by heme-5 
globin cross-linking. We failed to detect such compounds in 6 
vivo but found instead that the green Lbs of soybean 7 
originated by heme nitration. Spectroscopic and 8 
reconstitution analyses of the heme protein revealed that 9 
the NO2 group is on the 4-vinyl (Fig. 1). The modified Lbs 10 
were synthesized in vitro by exposing the proteins to excess 11 
NO2-. These findings are fully consistent with a recent study 12 
showing that nitration of the horseradish peroxidase heme 13 
occurs preferentially on the 4-vinyl rather than on the 2-14 
vinyl [Wojciechowski and Ortiz de Montellano, 2007]. Early 15 
studies had shown the presence in soybean nodules of three 16 
Lbam derivatives with virtually identical Soret-visible 17 
spectra [Jun et al., 1994b]. Here, we found also different 18 
Lbam products from in vitro nitration of Lba and propose 19 
that they are isomers differing in the site of the NO2 group 20 
on the 4-vinyl, such as the - or -carbons and/or cis- or 21 
trans-configuration (Fig. 1). 22 
 23 
Figure 5. Mechanisms that may be operative in the nitration of 24 
Tyr residues and/or heme groups of Lb and other heme proteins.  25 
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 1 
 To gain insights on the nature of the nitrating 2 
molecules and of the nitration mechanisms involved in the 3 
production of green Lbs, we used RNS scavengers and 4 
releasing compounds, antioxidants and metal chelators (Figs. 5 
4 and 5). Nitration of Lb requires binding of NO2- to the 6 
heme because it was inhibited by cyanide. The reaction is 7 
strongly pH dependent, which points out the implication of a 8 
nitrating agent derived from HNO2 rather than from NO2- 9 
itself. The various mechanisms that can be potentially 10 
operative for heme or Tyr nitration in Lbs are depicted in 11 
Figure 5 and numbered from 1 to 6. Briefly, pathway 1 12 
requires formation of ONOOH outside the protein, but this 13 
mechanism can be excluded because SIN-1 did not nitrate the 14 
Lb heme and superoxide dismutase and catalase did not 15 
prevent nitration. Pathway 2 entails an oxidative attack of 16 
Lb by NO2+ generated by decomposition of HNO2 outside 17 
protein, but this mechanism can be also excluded because 18 
addition of 1-10 mM nitronium tetrafluoroborate (NO2BF4) did 19 
not elicit heme nitration. Pathways 3 and 4 involve 20 
oxidation of NO2-  to NO2  by ferryl Lb (formed by reaction of 21 
Lb with H2O2) or by OH generated via Fenton reactions, 22 
respectively. These mechanisms can be discarded because 23 
nitration did not need H2O2 and was not dependent on free 24 
metal ions. Pathway 4, which is based on Fenton reactions 25 
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that require free metals or free hemin, was initially 1 
proposed as an alternative to the ONOO- pathway [Thomas et 2 
al., 2002]. Exogenous H2O2 was not required either for the 3 
nitration of horseradish peroxidase heme [Wojciechowski and 4 
Ortiz de Montellano, 2007] or for the production of NO2-Tyr 5 
on a plant hemoglobin [Sakamoto et al., 2004]. In these two 6 
cases, the nitrating agent was proposed to be NO2 based on 7 
the peroxidase activity of the heme proteins. Pathways 5 and 8 
6 were recently proposed for nitration of myoglobin [Nicolis 9 
et al., 2004; 2006] and hemoglobin [Otsuka et al., 2010] 10 
with a large excess of NO2-. As in our case, these two 11 
pathways require binding of NO2- to the heme. Pathway 5 12 
entails a subsequent reaction of the [heme-NO2-] complex with 13 
H2O2 to form a heme-bound peroxynitrite [heme-N(O)OO] species 14 
[Nicolis et al., 2004; 2006]. However, ferric Lb very 15 
rapidly isomerizes ONOO- to NO3- and hence pathway 5 is 16 
unlikely to play a major role in Lb heme nitration [Herold 17 
and Puppo, 2005]. This pathway would require formation of 18 
H2O2 inside the heme crevice and probably decomposition of 19 
the protonated species [heme-N(O)OOH] to NO2. Pathway 6 20 
proposes that N2O5 is an intermediate [Otsuka et al., 2010]. 21 
In this case, the [heme-NO2-] complex would react with 22 
another molecule of HNO2 giving rise to N2O5, which in turn 23 
would decompose to NO2+ and NO3-. Our findings that HNO2 is 24 
the precursor of the nitrating agent and that a [heme-NO2-] 25 
complex is a prerequisite for nitration are fully consistent 26 
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with this hypothesis. We propose that nitration is mainly a 1 
result of an electrophilic attack on the vinyl by the NO2+ 2 
generated from HNO2 inside the heme pocket according to 3 
pathway 6, although we cannot discard the simultaneous 4 
formation of NO2 by pathway 5 as mentioned before.  5 
 The deoxyferrous and oxyferrous forms of Lb are 6 
predominant in nodules, but ferric Lb [Lee et al., 1995] and 7 
ferrous nitrosyl Lb (Lb-NO) [Mathieu et al., 1998] have been 8 
detected also in intact nodules. Ferric Lb can arise from 9 
autoxidation of oxyferrous Lb or from the reaction between 10 
NO and oxyferrous Lb, in which the heme protein would act as 11 
an NO dioxygenase producing NO3- [Herold and Puppo, 2005]. In 12 
nodules, NO2- and NO are produced as a result of the nitrate 13 
reductase activities in the cytosol and bacteroids [Becana 14 
et al., 1989; Meakin et al., 2007; Horchani et al., 2011]. 15 
An NO synthase-like activity, initially reported in lupin 16 
nodules, could be also a contributing source of both RNS   17 
[Cueto et al., 1996]. In soil-grown legumes, nitration 18 
reactions are likely to occur because Lb may be exposed to 19 
NO2- over weeks or months and because the pH decreases to 5.5 20 
during nodule senescence [Pladys et al., 1988]. The presence 21 
of a nitrovinyl in the hemes of green Lbs clearly indicates 22 
that nitrating and oxidizing RNS are produced in nodules. 23 
These reactive molecules are increasingly produced during 24 
aging or under stressful conditions. This is in agreement 25 
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with the higher ratios of Lbam to Lba and of Lbcm to Lbc, 1 
which were observed with advancing senescence [Wagner and 2 
Sarath, 1987]. Because the green Lbs may be impaired in O2 3 
transport [Wagner and Sarath, 1987; Jun et al., 1994b], it 4 
will be of interest to determine whether they are generated 5 
as unavoidable by-products of Lb-mediated RNS detoxification 6 
or play  physiological roles still to be discovered in 7 
legume nodules.  8 
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Figure Legends 7 
 8 
Figure 1 9 
Heme structure with the position of the 4-nitrovinyl group. 10 
The figure shows an isomer with the NO2 group in the C atom 11 
and in cis-configuration. Fisher’s numbering of protoporphyrin 12 
IX was followed. (From [Navascués et al., 2012] with 13 
permission). 14 
 15 
Figure 2 16 
In vitro reconstitution and nitration of Lb. (a) ApoLbc was 17 
reconstituted with either protoheme (LbP) or mesoheme (LbM) 18 
and treated for 24 h at pH 6.5 with a 1000-fold excess of 19 
NaNO2. The products (LbP/N and LbM/N) were loaded on an 20 
analytical IEF gel and let to proceed until separation of Lbc1 21 
(top band) and Lbc2+c3 (bottom band). Green nitrated 22 
derivatives were formed from the Lb bearing heme with vinyls 23 
  
29
(LbP/N) and not from the Lb bearing heme with ethyl groups 1 
(LbM/N). (b) Soret and visible spectra of aliquot samples of 2 
the proteins loaded on the gel. Note that LbM and LbM/N have 3 
identical spectra, whereas LbP/N is being converted to green 4 
derivatives, with a Soret band of lower intensity and a 5 
hypsochromic shift of the 625 nm charge transfer absorption 6 
band. (c) Mass spectra of the hemes from Lba reconstituted 7 
with protoheme or mesoheme and then nitrated. Note the absence 8 
of nitration (m/z 620) in the mesoheme. (From [Navascués et 9 
al., 2012] with permission). 10 
 11 
Figure 3  12 
Nitration of Lba and separation of the nitrated products on 13 
preparative IEF gels. Left lane, mixture of Lba, Lbb, Lbc and 14 
Lbcm standards. The two Lbc protein bands correspond to Lbc1 15 
and Lbc2+c3. Right lane, Lba (500 M) purified from soybean 16 
nodules was nitrated with NaNO2 (500 mM) for 48 h in citrate 17 
buffer (pH 5.5), yielding six derivatives (LbaN1 to LbaN6). 18 
Center lane, a similar pattern of LbaN derivatives was 19 
obtained when nitration was performed in phosphate buffer (pH 20 
7.0). (From [Navascués et al., 2012] with permission). 21 
 22 
Figure 4 23 
  
30
Inhibitory effect of DFO on nitration of Lba after 48 h. 1 
Ferrioxamine (FO) had only a slight effect. The reaction 2 
mixtures contained 50 mM Na-phosphate buffer (pH 7.0), 150 M 3 
Lba and, where indicated, 200 mM NaNO2, 1 mM DFO, or 1 mM FO. 4 
Cyanide (10 mM) formed ferric cyano-complexes which completely 5 
suppressed nitration. By contrast, this reaction was not 6 
inhibited by addition of superoxide dismutase, catalase, 7 
diethylenetriamine pentaacetic acid, or Chelex resin. The 8 
reaction was not inhibited either with 1-5 mM p-9 
hydroxyphenylacetic acid, a more hydrophilic analog of Tyr, 10 
which is a good scavenger of the NO2 radical. 11 
 12 
Figure 5  13 
Mechanisms that may be operative in the nitration of Tyr 14 
residues and/or heme groups of Lb and other heme proteins. 15 
Experiments designed to test these pathways are described in 16 
the text. Additional abbreviations: Lb3+, ferric Lb; Lb4+=O, 17 
ferryl Lb; Lb3+(nitrovinyl), ferric Lb bearing a vinyl-bound 18 
NO2 group in the heme. (From [Navascués et al., 2012] with 19 
permission). 20 
 21 
  
31
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